Summary
Introduction
Body mass index (BMI) is a commonly used indicator of excess body fat because it is a simple and inexpensive measurement, but it provides only an approximation of body fat and does not reveal fat distribution. The upper cut-off point for a healthy BMI is also the same for different ages, sexes, ethnicities, etc., to facilitate population comparisons. Moreover, it is possible that the BMI cut-off for a healthy weight could be set higher than what the previous research has suggested (1) .
Thus, individuals with excess body fat might be misclassified as not being at risk, and on the other hand, individuals who have a high body weight in relation to height due to a high muscle mass might be classified as preobese or obese. The fact that individuals classified as normal weight might be 'metabolically obese', i.e. display a cluster of obesity-related abnormalities like reduced insulin sensitivity and atherogenic lipid profile, has been discussed for many years (2) (3) (4) , and elevated visceral adipose tissue has been observed even in normal weight subjects (5) . Moreover, in American normal weight men and women, higher percentage of body fat has been demonstrated to be associated with increased risk for dyslipidemia, metabolic syndrome and for women, also cardiovascular mortality (6) . However, because the relationship between body fat and BMI differs according to ethnicity, studies are needed in various populations (7) .
In European populations, the prevalence of 'normal weight obesity' has been observed to be lower in men than women (8) (9) (10) , which might be one of the reasons why European studies have primarily focused on women. De Lorenzo et al. have demonstrated that percentage of body fat over 30 in a small group of Italian normal-weight women was associated with obesity-related inflammation and oxidative stress (11, 12) , but elevated levels of serum high-density lipoprotein (HDL) cholesterol (13) . In contrast, Marques-Vidal showed that normal weight adiposity (NWA) (body fat >38%) in a population of Swiss women was associated with lower HDL cholesterol and with other cardiovascular risk factors but not with inflammatory markers (14) . Another study demonstrated less favourable profile regarding serum lipids, insulin sensitivity, blood pressure and C-reactive protein (CRP) in both women and men in the NWA group when compared with lean subjects (15) . Thus, the results are somewhat conflicting regarding associations with specific risk factors and gender.
The results of these studies might not be strictly comparable because they used different cut-off points to define excess body fat. Some studies have used a single, pre-set cut-point, while other studies have compared gender-specific categories based on the body fat distribution in the specific sample. Thus, more studies are needed on how measures of body fat add complementary information to the BMI classification of overweight on cardiovascular risk and whether these relationships differ with sex. It is also interesting to investigate if such potential additional information could be caught with assessment of specific BMI values instead of merely using the established cut-of value for healthy BMI.
The aim was to examine how well BMI reflects the cardiovascular risk factor profile associated with excess adiposity in a Swedish population of women and men by examining the association between body fat, BMI and cardiovascular risk factors like blood pressure, inflammation markers, serum lipids and apolipoproteins.
Methods

Population
INTERGENE is a population-based research programme in western Sweden assessing the INTERplay between GENEtic susceptibility and environmental factors for the risk of chronic diseases. The survey started in April 2001 and continued until December 2004. The study population consists of randomly selected women and men, aged 25-74 years at time of sampling, living in the Västra Götaland County. This is the second largest county in Sweden, consisting of 49 communities of which one is the second largest city in Sweden, Gothenburg. Altogether, the sample consisted of 8,626 eligible subjects. The overall response rate of the invited cohort was 3,614 (1,910 female, 44.5%, and 1,704 men, 39.3%). For the purpose of this study, participants without measurement of bioelectrical impedance (n = 588) were excluded. We also excluded pregnant women (n = 16). Thus, this subsample comprises 3,010 participants. The invitees were asked not to eat during the last 4 h before the physical examination and blood tests.
The INTERGENE research programme study procedures were approved by the regional ethics review board, Forskningsetikkommittén (Ö 237/2000), and have previously been described in detail (16, 17) . The study complies with the Declaration of Helsinki. All participants were informed of the aims and procedures of the study and gave their written consent.
Measurements
Body height and weight were measured to the nearest cm and 0.1 kg with the subjects in light clothing and without shoes. Waist circumference was measured at a level midway between the lower rib margin and iliac crest, and hip was measured as the maximum perimeter over the buttocks. Using WHO guidelines (18) , overweight was assessed on the basis of BMI (kg/m 2 ), defining overweight as BMI ≥ 25 kg/m 2 and obesity as BMI ≥ 30 kg/m 2 . The category with BMI < 25 kg/m 2 will be referred to as normal weight in this article, it includes underweight subjects (n = 17). Body composition was estimated using bioelectrical impedance analysis. Whole body electrical resistance was measured using BIA series 3-4, 50 kHz (BIACOM Gesundheitsberatung GmbH, Germany), following the instructions given by the manufacturer. The subjects rested in supine position for 10 min before measurement with electrodes on the dorsal surfaces of the right hand, wrist, ankle and foot. The fat-free mass was derived from prediction equations from a Danish population (19) . Cutoff values for excessive percentage body fat were set to ≥35 for women and ≥25 for men, based on body fat percentage predicted from BMI 25-30 kg/m 2 in adult populations (20, 21) . This is also the definition of adiposity used by the American Society of Endocrinologists (22) . Physical activity and smoking were assessed by a questionnaire. Blood pressure was measured twice for each person after 5-min rest, using a validated automatic device (Omron 711 Automatic IS), with the subject in sitting position. The mean value from the two measurements was used. Blood samples were collected into tubes containing 0.1% EDTA for immediate serum lipid (total cholesterol, high-density cholesterol and triglycerides) and glucose analysis. Serum total cholesterol and triglyceride concentrations were determined using enzymatic assays. Serum HDL cholesterol concentrations were measured after dextran sulphate-magnesium precipitation of apolipoprotein (apo)B-containing lipoproteins. Low-density lipoprotein (LDL) cholesterol levels were estimated for all subjects with triglyceride levels below 4.00 mmol/L, using the Friedewald equation. Quantitative determination of apoB and apoA-I was performed by immunoprecipitation enhanced by polyethylene glycol at 340 nm (Thermo Fisher Scientific, Vantaa, Finland). Plasma glucose was analysed with a hexokinase method. CRP was analysed in serum that had been frozen in À80°C. It was measured by an ultrasensitive particleenhanced immunoturbidimetric method (Orion Diagnostica, Espoo, Finland). All analyses were performed on a Konelab 20 autoanalyser (Thermo Fisher Scientific). Interassay coefficient of variation was for Konelab analyses below 5%. Nine subjects who had not fasted according to instructions were excluded from glucose and triglyceride analyses.
Hypertension was defined as ≥140 mmHg systolic and/or ≥90 mmHg diastolic blood pressure and/or treatment, hyperlipidaemia as LDL cholesterol ≥3 mmol/L and/or treatment, high serum triglycerides as >1.7 mmol/L, low HDL cholesterol as <1.0 mmol/L in men, and <1.2 mmol/L in women (23) . High apoB/apoA-I ratio was defined as ≥0.9 in men and ≥0.8 in women (24) .
The metabolic syndrome was defined by national Cholesterol Education Program, Adult Treatment Panel III, NCEP ATPIII (25), i.e. the presence of three or more of the following five components: waist circumference ≥88 cm in women and ≥102 cm in men; serum triglycerides ≥1.7 mmol/L; HDL cholesterol <1.03 mmol/L in men and <1.29 mmol/L in women; blood pressure ≥130 mmHg systolic and/or ≥85 mmHg diastolic; and fasting plasma glucose ≥6.1 mmol/L.
Statistical analyses
The participants were categorised in four groups according to BMI and percentage of body fat. Normal weight (BMI < 25 kg/m 2 ) leaness (NWL) (body fat <25% for men and <35% for women) was considered as reference. The other groups were NWA, overweight leanness (OWL) and overweight adiposity (OWA).
Differences from reference group in the three other categories, in anthropometrics, blood pressure, serum lipids, apolipoproteins, plasma glucose and CRP, were assessed using age-adjusted linear regression, stratified by sex, as well as in the whole data set including an interaction term between weight/adiposity status and sex. The distributions of serum lipids, CRP, systolic blood pressure, plasma glucose, weight and body fat were skewed towards large values; therefore, the analyses were performed on the log transformed variables that were normally distributed after transformation. The anti-log transformation was applied to log-transformed mean values in order to present the results on the original scale (26) .
Differences in prevalence of risk factors in the NWA, OWL and OWA groups compared with the reference group, NWL, was assessed in age-adjusted logistic regressions. Separate models were used to compare the presence of metabolic syndrome, hypertension, hyperlipidaemia, high serum triglycerides, low HDL cholesterol and high apoB/apoA-I ratio (yes versus no) by weightadiposity category. Testing for potential interactions with sex was performed including product terms of sex and weight/adiposity status into each model. Different cardiovascular risk factors (hypertension, hyperlipidaemia, high serum triglycerides, low HDL cholesterol and high apoB/apoA-I ratio) were predicted by BMI as continuous variable, by dichotomized BMI (overweight yes versus no), and overweight or central obesity respectively in separate logistic regression models adjusted for sex and age. For each outcome, we compared the area under the receiver operating characteristics (ROC) curve for a model based on BF% as a continuous variable with the corresponding values of the three other logistic models. The statistical analyses were performed using Statistical Analysis Software 9.3 (SAS Institute Inc., NC, USA).
Results
BMI in relation to body fat
The average body fat % was equal to 35% in women and 27% in men. In total, 52% of the women had a value ≥35 %, and 69% of the men had a value ≥25%. The impedance assessments indicated that excessive body fat was also present among those with low to normal BMI (Figures 1 and 2 ). Among these participants with BMI < 25 kg/m 2 , as many as one fifth were classified to adiposity if the cut-off for body fat was set to 25% for men and 35% for women. A wide range of body fat was observed among the subjects with normal weight while the majority of the group with overweight had a percentage of body fat corresponding to adiposity. Characteristics of normal weight and overweight subjects with higher and lower percentage of body fat are shown in the upper panel of Table 1 . Slightly more than a third of the participants were in the NWL group. Thus, the majority had overweight and/or adiposity given the sex-specific cut-off values for percentage of body fat. In total, 9% of the participants (8% of the women and 10% of the men) were categorised as NWA. When compared with other categories, this group tended to be older (Table 1) .
On the other hand, the misclassification of obesity due to high muscle mass seems to be minor (Figures 1 and 2 ). Only 4% were categorised as OWL, merely two overweight men had body fat below 20%, and only two overweight women had body fat below 30%. Among the obese, none had percentage of body fat below cut-off, only a few men had body fat below 30%, and a few women had body fat below 40%.
Weight/adiposity status and cardiovascular risk factors
The lower panel of Table 1 shows that the prevalence of metabolic syndrome, hypertension, hyperlipidaemia, high triglycerides and a high apoB/apoA-I ratio was higher in Obesity
the NWA group compared with the reference group, NWL. There was an interaction between sex and weight/adiposity category (p < 0.05), with a significantly higher prevalence of hypertension in NWA (46.3%) men compared with NWL (32.4%, p < 0.001) but no significant association for women (37.5% vs 32.3%).
Lean body mass was similar in the NWL and NWA groups, while mean body fat mass, BMI and waist to hip ratio were higher among NWA (Tables 2 and 3 ). The mean fat mass was approximately 5 kg greater in the NWA group than in the NWL group, in both men and women.
In Tables 2 and 3 , mean values of those with adiposity and/or overweight are compared with the reference group NWL. The analyses are stratified by sex because interactions between sex and weight/adiposity status were significant for several outcome variables. The OWA group had less favourable values for all measured risk factors than the reference group in both men and women. Also, among those with BMI below 25, higher body fat was associated with more unfavourable risk factor profile than lower body fat. Compared with NWL, NWA subjects of both sexes had higher levels of CRP, serum triglycerides, LDL cholesterol, apoB and apoB/apoA-I ratio. In men, NWA was also associated with higher blood pressure and lower HDL cholesterol.
In sensitivity analyses, we further adjusted for BMI and waist circumference, respectively, to account for the higher BMI and waist circumference observed in NWA compared with NWL subjects (Table 2 and 3) . When adjusted for BMI, the difference between NWA and NWL was still observed for systolic and diastolic blood pressure, total and LDL serum cholesterol, serum triglycerides, apoB/apoA-I, apoB and CRP in men, and for serum cholesterol, serum triglycerides and apoB in women. When adjusting for waist circumference, the difference between NWA and NWL was still observed for systolic and diastolic blood pressure, total and LDL serum cholesterol, apoB/apoA-I, apoB and CRP in men, and for serum cholesterol and apoB in women. Thus, the association with serum triglycerides became non-significant in both women and men when adjusting for waist circumference.
Association of anthropometric measures with prevalence of cardiovascular risk factors
As the range of BMI and percentage of body fat are rather broad within the normal weight category, narrower BMI categories may better reflect risk related to percentage of body fat. Therefore, we compared by contrasting ROC curves how well BMI as continuous variable and the dichotomous variable overweight, respectively, predicted hypertension and dyslipidemia in comparison with percentage of body fat. As shown in Table 4 , the area under the ROC curve was smaller for the dichotomous BMI variable (overweight or not) than for percentage of body fat as continuous variable for all analysed risk factors. The predictive ability was still inferior to percentage of body fat when also considering waist circumference. When instead analysing the predictive ability of BMI as continuous variable in comparison with percentage of body fat, the accuracy only differed significantly for hyperlipidemia (p < 0.05). Thus, the specific BMI values (continuous) predicted cardiovascular risk factor profile associated with excess adiposity better than the cut-off point of BMI ≥ 25 (dichotomous). However, percentage of body fat had only slightly better predictive ability than BMI for hyperlipidaemia.
Discussion
The results indicate that NWA exists in a Swedish population, and that the prevalence is considerable, as almost one out of ten was classified as NWA. The average body fat mass was higher in this group compared with the NWL, while the lean body mass was the same. Thus, within the group of participants who were classified as normal or underweight based on their weight and height, 20% had excessive adiposity. It is of relevance for health because adiposity among individuals with normal weight, NWA, was associated with less favourable cardiovascular risk factor profile. That higher percentage of body fat at normal body weight is associated with metabolic disorders has also been demonstrated in other populations (6, (11) (12) (13) (27) (28) (29) (30) (31) . The predictive ability of BMI as continuous variable for cardiovascular risk factors seems to be more accurate than merely categorising as overweight or not. Thus, relying on the dichotomous BMI classification of healthy weight might be misleading in the clinic as well as in research. Consequently, the present study supports the suggestion by St-Onge et al. that screening for metabolic abnormalities in individuals with normal weight is important in the prevention of diabetes and cardiovascular disease (32) .
However, BMI as an indicator of adiposity as well as simple measures of the distribution of fat to the abdomen, like waist circumference or waist-to-height ratio, might be 
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Even if the present result indicates that BMI cut-off values underestimate adiposity, it has high specificity to detect excessive body fat when BMI is ≥30 kg/m 2 . This is in line with the conclusion of a meta-analysis (36) of studies in different populations, on sensitivity and specificity of BMI to identify excessive body adiposity. In fact, in the present population, only 7% of the participants with overweight had a body percentage of fat below cut-off. Moreover, in contrast to previous analyses by RomeroCorral (37), BMI correlated much stronger with body fat than lean body mass (data not shown). Average body fat, BMI, hip and waist were also significantly higher in the OWL group compared with the NWL, and the mean HDL cholesterol was lower, and the apoB/apoA-I ratio and serum triglycerides were higher compared with the NWL group (Tables 2 and 3 ). The situation might, however, be otherwise for a population with high fitness status. Furthermore, there are individual differences, and subjects are more or less susceptible to development of metabolic disturbance because of obesity (38) . Research has even suggested that a metabolically healthy obese phenotype, which is protected from increased cardiometabolic risk, may exist (39, 40) . A high BMI alone might even be protective in patients with coronary artery disease, while central obesity is associated with risk of mortality (41) . Thus, knowledge for phenotyping of obesity is needed (4) . Even if the prevalence of NWA and the patterns of associations with cardiovascular risk factors were rather similar for men and women in the present study, gender differences existed. NWA was associated with higher blood pressure and lower HDL cholesterol in men but not women, and the relations between NWA and cardiovascular risk factors were in general somewhat stronger for men than women. In women, all the associations became weaker or disappeared when adjusting for BMI or waist circumference, while most associations remained significant in men. Another striking gender aspect in this Swedish population was that only onequarter of the men were in the NWL group, while among women, 44% were categorised as NWL.
A weakness is our reliance on bioelectrical impedance to estimate percentage body fat. Furthermore, the cut-off points for percentage of body fat are arbitrarily chosen. The different proposed upper limits have varied Total number of participants in the analyses differs between 1484 (ApoB/ApoA-I) and 1573 (weight, height and body composition). *p < 0.05; **p < 0.01; ***p < 0.001. between 30% and 37% for women, and 20% and 25% for men (22) . While the definitions of healthy weight and BMI categories of obesity are based on empirical data, there is not enough evidence for defining corresponding cut-offs for healthy percentage of body fat and degree of adiposity. Therefore, it is a strength that we also compared body fat percentage as continuous variable with overweight, high waist circumference and BMI as predictors of cardiovascular risk factors.
In conclusion, excess body fat was associated with less favourable cardiovascular risk factor profile even in those without overweight. Thus, the established definition of a healthy weight might result in underestimation of risk in persons with normal weight. This is of importance because the prevalence of NWA was 9% in the present population. However, even if specific BMI values or percentage of body fat have better ability to predict cardiometabolic risk factors, it is not possible to determine the cardiovascular risk. Thus, the results suggest that screening for metabolic risk factors is also relevant in the upper end of the normal weight BMI category.
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